Introduction
Modern growth tecimiques such as molecular beam epitaxy (MBE) and metallorganic chemical vapor deposition (MOCVD) have demonstrated the ability to grow semiconductor layers with atomic layer precision, controllable material mole fractions, and precise dopant concentrations. This controllability allows for the growth of material structures having optimum device performance as determined by device theory and modeling. However, process fabrication techniques capable of removing material with atomic precision (i.e., within several atomic monolayers) need to be developed to obtain the full benefits of these optimum structures. Because the digital etching technique removes several atomic layers of material in a controllable fashion, it may provide the etching necessary to fabricate optimum devices. Such an etching process would be useful in the shallow etching needed for gate recessing of GaAs based field effect transistors such as metal semiconductor field effect transistors (MESFET), high electron mobility transistors (HEMT), and pseudomorphic high electron mobility transistors (pHEMT) and for fabricating quantum wires.'-3 In general, the digital etching technique consists of a two-step chemical process to remove a fixed thickness of material. Repetition of this two-step process is used to obtain a desired etch depth in integral multiples of the depth achieved by a single digital etch cycle. The first step of a digital etch cycle uses a chemical reaction to form a thin layer of a new molecular compound at the semiconductor surface. Because this chemical reaction is diffusion limited, the thin layer formed will have a constant thickness for each cycle. In the second step, another chemical reaction is used to selectively remove the newly formed compound layer from the surface without affecting the unreacted semiconductor material underneath.
Earlier research into digital etching of GaAs has used various techniques such as (i) reactive ion etching (THE) using Cl2 gas to form Gad3 and AsC13 compounds which are then removed by low energy electrons,4-9 Ar ions, '9 an ArF laser,'° a KrF laser," or by thermal etching above 290°C," (ii) MBE using a molecular beam of Se to form a monolayer of Ga25e3 on the surface, which is removed using atomic hydrogen (H*),12 and (iii) anodic oxidation of GaAs, forming Ga203 and other oxide compounds to a fixed depth, which are then removed with a wet chemical This work investigates the use of wet chemicals to perform both digital etching steps for GaAs. The basic process consists of using hydrogen peroxide (30% H202) as the oxidizing agent to form GaAs-oxide compounds at the GaAs surface (oxidation step), that are then removed using an acid (etching step 
Wet Chemical Digital Etching
Standard wet chemical etching of 111-V semiconductors occurs by oxidizing the semiconductor surface and etching the oxide. Typically this is achieved by submerging the semiconductors in a liquid mixture consisting of an oxidizing agent and a complexing (oxide etching) agent.'4 Therefore, the oxidation and etching occur simultaneously, resulting in an etch depth dependent on the length of time the semiconductor is exposed to the etchant. Digital etching separates the oxidation and oxide etching chemical reactions so that each reaction is independent of each other, and etching occurs by sequential application of the reactants. Because the oxidation chemical reaction (first step) is self-limiting, the etch depth is no longer dependent on the etch time, but is dependent on the number of etching cycles.
In the wet chemical digital etching process the thickness of the material removed during one cycle is determined by the amount of GaAs consumed in the oxidation step. An essential component in wet chemical digital etching is to developed a diffusion limited chemical reaction at the surface such that the thickness of the new molecular compound formed remains relatively constant over a short time frame (minutes). The self-limiting thickness is important to the digital etching process because it results in an effective etch depth that is not proportional to time, but is constant for the time frame desired. GaAs oxidation has been extensively studied and is a diffusion limited process.'2° From ellipsometric measurements of the oxide thickness on GaAs exposed to air at room temperature over time, it has been determined that the native oxide of GaAs grows at a logarithmic rate given by'8 d (A) = 5.969 + 5.929 log [t(min)] [1] Even after io mm (2 years), the oxide thickness measured only 42 A. Measurements of oxide thickness uniformity and chemical stoichiometry have shown that the initial surface oxide (<100 A) is uniform and chemically homogeneous, yielding Ga to As ratios of approximately 1:1 in the oxide phase.2° Therefore, uniformity problems that may occur can be avoided by minimizing the oxide layer thickness to less than 100 A. 11202 is a well-known oxidizer which forms a stable, native oxide of GaAs," and is used in most GaAs wet chemical etchants.15"2'2123 Although timed oxidation curves of GaAs from exposure to 11202 at room temperature may not be available, other researchers have measured an oxide thickness of 115 A after soaking a GaAs sample in 11202 for 6 days at room temperature.17 Even soaking GaAs in boiling 11202 forms only relatively thin oxides of 150 A.15 Therefore, it is believed that 11202 oxidizes GaAs with a logarithmic growth rate sufficiently slow to be considered as a self-limiting (diffusion-limited) process.
The final step in the digital etching process is to selectively remove the oxide layer formed on the GaAs surface without etching the unreacted GaAs material underneath. This can be easily accomplished by using various acids or bases. The use of acids or bases (without hydrogen peroxide) as an oxide remover and for surface cleaning of GaAs is well known in semiconductor device processing. '4'22 Experimental Digital Etching Several wet chemical digital etching techniques were attempted to determine one that provided consistent and reproducible results. An important step in the etching process is to completely separate the chemicals used for each part of the digital etch step (oxidation step and oxide etching step). That is, it is necessary to completely rinse the 11202 before applying the acid, and vice versa. Residue of either 11202 or acid on the GaAs wafer will mix with the next application of acid or 11202 and provide a normal acid: 11202 etchant that destroys the controlled, self-limiting digital etching process. Because 11202 and many acids contain water, the use of deionized water (DI 1120) was selected to provide the necessary rinsing between each step. To prevent dilution of the chemical agents, an N2 blow dry is used to remove any water remaining after rinsing.
A new method was developed to provide separately fresh oxidizing and etching solutions to the sample during each etch step to minimize chemical cross contamination. Since contamination due to incomplete rinsing must be eliminated to maintain the digital etching chemistry, a photoresist spinner was modified to perform the digital etching procedure. The modification of the photoresist spinner consisted of replacing exposed metal parts (wafer chuck, vacuum shaft, and spinner baseplate) with oxidizer and acid resistant high density polypropylene machined to original specifications. With the spinner, fresh oxidizing and etching solutions can be sprayed from above onto the sample during each etch step. The spinning motion removes the applied solution quickly, and allows the application of a continuously fresh stream of solution. DI 1120 rinsing of the wafer can also take place while spinning, providing a continuously fresh water stream to remove the oxidizing and etching solutions. In this manner, fresh solutions of 11202, acid, and DI 1120 are applied to the sample during the digital etch, thereby eliminating cross contamination between 11202 and the acid.
Process development has demonstrated that successful digital etching requires the use of uncontaminated oxidizing and etching solutions with complete rinsing between the oxidizing and acid etching steps. Spin rinsing with fresh DI H20 for 15 s at 1000 rpm was found to be sufficient to remove both the oxidizing and etching solutions from the wafer before applying the next solution in the digital etch process. However, it was determined that spinning the wafer during applications of the oxidizing and etching solutions was not necessary, as soaking the wafer during these steps was determined to be sufficient. The measured digital etch rates of this soak and spin rinsing method are equivalent to those obtained using the continuous spin technique. Soaking is desirable because it provides a large reservoir of solution to perform the necessary oxidation and etching without depleting the solution.
Because these experiments were performed manually, the static chemical soak and spin rinsing technique was used to maintain repeatability and reproducibility, as it was difficult to insure complete coverage with manual spraying, whereas a static flood was easy to accomplish and maintain during the given soak times. The digital etching experiments conducted in this work used a combined chemical soak and spin rinsing procedure as outlined in Using a sensitive Hall effect measurement system, the depth of a given semiconductor surface can be indirectly measured by comparing the difference in the electrical parameters measured by Hall before and after etching. The Hall technique does not require masking of the sample surface, and measures the average change in depth across relatively large surfaces (e.g., 1 cm2). Since the Hall measurement technique uses an electrical and not a mechanical measurement, errors due to mechanical vibration noises are eliminated and the resolution of the etch depth measurement is limited only by errors from the electrical measurement system. As an example, from accuracy and signal-to-noise considerations alone, the Hall technique can potentially resolve thickness changes in less than 1 A in a 500 A thick GaAs layer doped at the 10" cm3 level. However, other factors may degrade this high resolution.
To use the Hall technique, several semiconductor wafers were prepared by growing 350 to 2000 A thick layers of heavlly n-type Si doped (5 X 1018 cm3) GaAs on (100) semi-insulating GaAs substrates using molecular beam epitaxy (MBE). The layer thicknesses are thin to maximize the change in Hall parameters after digital etching. Since the underlying substrate is semi-insulating, the electrical properties measured by the Hall technique are only due to the n-type grown layer. Hall measurements are performed on 6 >< 6 mm pieces from these wafers to determine the Hall resistance, mobility, and doping concentration. From these measurements the change in thickness (loss of material) due to etching can be calculated even though the exact thickness (t) of the sample cannot be determined.
This change in thickness (At) in terms of the differences between Hall measured values is calculated using24
where n0 and p are the initial volume carrier concentration (cm-3) and mobility (cm2/V s) measured before any etching of the sample occurs, and n and li are the sheet carrier concentration (cm2) and mobility (cm2/V s) of the sample measured by the Hall technique just prior to etching (n01, p1) and after etching (n2, l'2) An accurate determination of the volume carrier concentration (n0) requires MBE growths of identical material layers of different original thicknesses in order to correct for surface and interface depletion effects. 24 
Digital Etch Experimental Results
The experimental digital etching procedure used for these experiments is outlined in Table I However, NH4OH produced an etch rate double that of the acids. Some acids and bases are known to be oxidizing and oxide removing agents such as HNO3 acid,20'2° therefore, NH4OH may be a partial oxidizing agent as well as an oxide removal agent which would account for this larger etch rate. A second experiment was performed substituting DI H20 for H202 as the oxidizing agent and using HC1, citric acid, or NH4OH as the oxide removing agent. Since H30 can oxidize GaAs, 10,17 it is important to see if H10 present in the wet chemical digital etching process would significantly oxidize GaAs during the given application soak times. Because the acids incorporate water and if GaAs is significantly oxidized by water, then a wet chemical digital etching technique would not be possible.
However, this second experiment gave total etch depths (not the etch rate) of 4.2 A with HC1, 13.8 A with citric acid, and 57.4 A with NH4OH after performing a ten cycle digital etch. From this experiment, it is concluded that H20 does not act as a significant oxidizing agent for GaAs when applied for 1 mm soak times. It is believed that the small etch depths measured for the acids are attributable to the removal of native oxide present on GaAs prior to digital etching.10"°"° The results obtained from the DI H20 and NH0OH ten cycle digital etch process showed definite etching with a measured etch rate of 5.74 A/cycle. When compared to the etch rates obtained when using H202 with NH4OH, it can be concluded that NH4OH is also oxidizing the GaAs surface resulting in larger etch depths and etch rates.
The last three experiments were conducted using HC1:H20 (1:1) as the oxide removing agent. HC1 acid was selected because it appears to have the lowest chemical interaction with GaAs for digital etching, yielding a 4.2 A etch depth after ten cycles with water as the oxidizing agent. The third experiment varied the number of digital etch cycles from 5 to 30. The average etch depth and calculated etch rate values are presented in Table III and shown graphically in Fig. 1 = Measured etch depth (A) [3] Number of digital etch cycles Table III . Digital etch rate dependence on the number of digital etch cycles performed using 1 mm HCI:H20 fl:1) soaks and mm H202 soaks.
No. of digital etch cycles
Hall technique Mechanical profilometer Table Ill. useful feature of the digital etch process is that the etch depth is directly proportional to the number of etch cycles executed. With a digital etch process, the final etch depth is determined not by the time length of the etch as in standard etching, but instead by the number of digital etch cycles performed. Therefore, the amount of material etched is always a multiple of the single-cycle etch depth. Figure 1 graphically displays the linear relationship between the etch depth and the number of etch cycles, demonstrating that the etch rate remains constant for all etch cycles.
The fourth digital etching experiment varied the H202 and HC1 soak times. First, the 11202 soak times were kept constant at 1 mm, while the HO soak time was varied from 15 s to 120 s [column 2 of Table IV ]. Then, the HC1 soak times were held constant at 1 mm while the 11202 soak time was varied from 15 s to 120 s [column 3 of Table IV ]. Finally, both soak times were set equal and varied at the same rate, resulting in etch time variations from very short etch cycles to very long etch cycles [column 4 of Table IV ]. Because this digital etching procedure was performed manually, and short soak times may involve significant timing errors, soak times of 15 s or greater were used. The purpose of this experiment was to determine the minimum soak times needed to oxidize the GaAs surface and remove the oxide layer. In standard etching techniques, the etch rates (A/s) are dependent on time, such that longer etch times result in deeper etch depths. Digital etching has etch rates (A/cycle) that are independent of etch times, so that the etch depth is only dependent on the number of digital etch cycles performed. However, this is only true when each soak time is longer than the minimum time needed to oxidize the semiconductor layer or to remove this oxide layer. The purpose of this experiment was to determine the minimum soak times necessary in order to have a usable digital etching technique. However, the results here indicate that soak times as short as 15 s are still sufficient to perform a good digital etch. The results from Table IV show that there is no significant variation in the etch depths or the calculated etch rates for all soak time variations from 15 to 120 s. Therefore, the oxide formation and oxide removal occur in less than 15 s. Because longer soak times do not increase the overall etch rate, this process is self-limiting in terms of both oxide layer formation and oxide layer removal. That is, longer chemical soak times do not result in larger etch depths, and have no effect on the overall etch rate. With an automated digital etching station where precise control of soak time can be achieved, soak times of less than 15 s would be possible, and the time to perform this digital etching process might decrease. An automated digital etching station can be used to determine the minimum soak times necessary to maintain a constant digital etch rate, such that an optimized digital etching process can be developed. Analysis and Conclusions For the soak times considered in this work, the amount of material etched during a single digital etch cycle does not depend on the length of soak time of the 11202 or acid, but rather on the number of digital etch cycles performed. The thickness removed by one digital etch cycle equals the amount of semiconductor material consumed in the oxidation step. Oxidation of GaAs with 11202 is a self-limiting process that provides a constant oxide layer thickness of about 15 A for 11202 soak times from 15 to 120 s. For a constant digital etch rate, it is important to select an acid or base that removes the oxide layer without further oxidizing the GaAs surface, as such oxidation causes unpredictable etch rates. Therefore, acids or bases that oxidize GaAs such as HNO3 and NH4OH are not suitable for wet chemical digital etching.
The results from Tables III and IV represent the average values taken from several experimental trials (from 4 to 12) for each parameter varied. The calculated etch rates as given by Tables III and IV compare favorably and remain  relatively constant at approximately 15 A for all the parameters varied. Although the bulk of individual measurements were centered around these averages, there were a few extreme measurements as low as 11 A/cycle to as high as 20 A/cycle. These variations may be attributed to measurement errors and experimental errors due to the manual nature of the experiments conducted. It is believed that such variations will be minimized by automating the digital etch process.
Initial atomic force microscopy measurements of digital etch depths of GaAs in photoresist trench openings having widths of 15, 5, and 0.2 sm are in general agreement with Hall technique and mechanical profilometer measurements. Determination of any digital etch depth dependence on exposed surface opening (photoresist trench width) as measured by atomic force microscopy are currently underway. Finally, AFM measurements of surface roughness will be performed to determine the change in surface roughness from using the digital etching technique.
Future work includes automation of the wet chemical digital etching process equipment to minimize manual timing errors and to provide longer etching cycles (e.g., 50 to 100 cycles). The automated digital etching station will also be assessed for its potential use in a manufacturable process. Other future research will focus on digital etching of GaAs and other semiconductor materials as a function of doping type, carrier concentration, operating temperature, and chemical solution concentration. Laboratory during the earlier stages of this work, and wishes to express his appreciation for their support. Manuscript submitted April 29, 1996; revised manuscript received Aug. 9, 1996. Dr. Bozada assisted in meeting the publication costs of this article.
Introduction
The two main heterostructure material systems for compound semiconductor diode lasers and light-emitting diodes are InGaAsP and InGaAIP1 The only universal plasma chemistry for etching these materials at room temperature is CH4/H2,2 which has numerous disadvantages, especially for InGaA1P, including low etch rates, hydrogen passivation of dopants, and extensive deposition of polymer in the mask material.3 Two potential classes of plasma chemistry that have not received much attention are those based on 12 and Br2.48 In particular, iodine chemistries are attractive for efficient removal of In-containing materials.9,'° Table I compares A1GaP, which are the most common components of devices based on the InGaAIP system.1' While the volatility under ion-assisted etching conditions is obviously the most important factor in determining etch rates, the boiling points of the potential products give some clues as to the possible efficiency of the gas chemistry. It is clear from Table I that a plasma chemistry containing both I3 and Cl2 should be a universal etchant for Ill-V materials.
The compounds ICl and IBr are available as crystalline solids, with melting points of 27.2 and 50°C, respectively.
ICl boils at 97.4°C, while IBr sublimes and therefore at moderate temperatures one can easily obtain gas flow rates sufficient for dry etching processes. In this paper we report on the use of ICl/Ar and IBr/A.r electron cyclotron resonance (ECR) plasma etching for patterning InGaP, AlInP, and A1GaP. Both gas chemistries are shown to be capable of smooth high-rate pattern transfer into these materials. The etch rates with IC1 are up to five times faster than Cl2
